Shikimate kinase (EC 2.7.1.71) is a committed enzyme in the seven-step biosynthesis of chorismate, a major precursor of aromatic amino acids and many other aromatic compounds. Genes for all enzymes of the chorismate pathway except shikimate kinase are found in archaeal genomes by sequence homology to their bacterial counterparts. In this study, a conserved archaeal gene (gi1500322 in Methanococcus jannaschii) was identified as the best candidate for the missing shikimate kinase gene by the analysis of chromosomal clustering of chorismate biosynthetic genes. The encoded hypothetical protein, with no sequence similarity to bacterial and eukaryotic shikimate kinases, is distantly related to homoserine kinases (EC 2.7.1.39) of the GHMP-kinase superfamily. The latter functionality in M. jannaschii is assigned to another gene (gi1591748), in agreement with sequence similarity and chromosomal clustering analysis. Both archaeal proteins, overexpressed in Escherichia coli and purified to homogeneity, displayed activity of the predicted type, with steadystate kinetic parameters similar to those of the corresponding bacterial kinases: K m,shikimate ‫؍‬ 414 ؎ 33 M, K m,ATP ‫؍‬ 48 ؎ 4 M, and k cat ‫؍‬ 57 ؎ 2 s ؊1 for the predicted shikimate kinase and K m,homoserine ‫؍‬ 188 ؎ 37 M, K m,ATP ‫؍‬ 101 ؎ 7 M, and k cat ‫؍‬ 28 ؎ 1 s ؊1 for the homoserine kinase. No overlapping activity could be detected between shikimate kinase and homoserine kinase, both revealing a >1,000-fold preference for their own specific substrates. The case of archaeal shikimate kinase illustrates the efficacy of techniques based on reconstruction of metabolism from genomic data and analysis of gene clustering on chromosomes in finding missing genes.
Shikimate kinase (EC 2.7.1.71) is the enzyme responsible for converting shikimate to 3-phosphoshikimate, a committed step in the biosynthesis of chorismate (7) . The latter is the branching point metabolite and the major precursor of aromatic amino acids, folates, ubiquinones, and many other aromatic compounds.
The chorismate pathway consists of seven enzymatic steps ( Fig. 1) . It has been extensively studied in Escherichia coli, and the corresponding genes have been identified (for a review, see reference 34). All of the participating enzymes, including shikimate kinase, are conserved in a broad range of organisms, such as bacteria, yeasts, and plants. The chorismate pathway is absent in mammals but seemingly present in some protozoa (27, 35) .
In the first sequenced archaeal genome of Methanococcus jannaschii (3) , genes encoding only four of seven enzymes of chorismate biosynthesis could be identified by sequence similarity with their bacterial and eukaryotic counterparts. Genes for the first two steps and for the shikimate kinase appeared to be missing, but Selkov et al. (37) asserted that the pathway started from 3-dehydroquinate. The growing number of sequenced archaeal genomes and a better understanding of the metabolism of M. jannaschii have strengthened this and other metabolic data (12) . Presently, six genes of the pathway can be identified by sequence comparison in Pyrococcus furiosus, Pyrococcus abyssi, Pyrobaculum aerophilum, and Aeropyrum pernix. However, our attempts to identify the gene encoding shikimate kinase using similarity to known versions of the enzyme yielded no plausible candidates in any of the archaeal genomes.
We addressed this problem using an approach based on the analysis of gene clustering on the chromosome (31) . Briefly, this analysis utilizes the observation that functionally related genes in prokaryotes, such as those that are active in the same metabolic pathway, tend to cluster along the chromosome. By comparing the chromosomal clustering in multiple bacterial genomes, conjectures relating to the functions of previously uncharacterized genes can be formulated. In this study, an open reading frame (ORF) of M. jannaschii (RMJ07785) encoding a hypothetical protein, which is conserved in most of the archaeal genomes, was identified as the best candidate for the missing shikimate kinase gene. (ORF [and corresponding protein] identifiers cited in this report are from the WIT genomic database [http://igweb.integratedgenomics.com/IGwit/].) This protein has no sequence similarity with bacterial and eukaryotic shikimate kinases but is instead distantly related to homoserine kinases. The latter functionality in M. jannaschii is assigned to another protein (RMJ01903), in agreement with both sequence similarity and chromosomal clustering analysis. Homoserine kinase, an enzyme involved in threonine biosynthesis, is a member of the GHMP-kinase superfamily, which initially included four families of enzymes specifically phosphorylating galactose, homoserine, mevalonate, and phosphomevalonate (2) . Shikimate kinase activity has never been detected within the fold characteristic of the GHMP-kinase superfamily. Moreover, all previously identified shikimate ki-nases belong to a structurally unrelated NMP-kinase superfamily, as recently confirmed by X-ray crystallography (19) .
Here we report the expression, purification, and characterization of the two putative GHMP-kinases from M. jannaschii, RMJ07885 and RMJ01903. Through verification of the anticipated substrate specificity, we have shown that archaea express a novel shikimate kinase family which, in contrast to its bacterial and eukaryotic counterpart, belongs to the GHMPkinase superfamily. Our results demonstrate for the first time that shikimate can be phosphorylated by two structurally unrelated enzymes.
MATERIALS AND METHODS
Strains, plasmids, and other reagents. E. coli strains DH5␣, BL21, and BL21/ DE3 (Gibco-BRL, Rockville, Md.) were used for cloning and expression. For expression of all genes in E. coli, a pET-derived vector containing the T7 promoter, His 6 tag, and TEV-protease cleavage site (such as described elsewhere 30) or a similar vector with the trp promoter (pPROEX-HTa; Gibco-BRL) was used. Genomic DNA of M. jannaschii was a kind gift from Claudia Reich, University of Illinois at Champaign-Urbana. Enzymes for DNA manipulations were from New England Biolabs (Beverly, Mass.) and MBI Fermentas (Vilnius, Lithuania). For PCR, Pfu polymerase (Stratagene, La Jolla, Calif.) was used. Plasmid purification kits and Ni-nitrilotriacetic acid resin were from Qiagen (Valencia, Calif.). Oligonucleotides for PCR and sequencing were from SigmaGenosys (Woodlands, Tex.). All other chemicals, including the assay components shikimate, galactose, homoserine, mevalonate, NADH, ATP, phosphoenolpyruvate, lactate dehydrogenase, and pyruvate kinase, were from Sigma-Aldrich (St. Louis, Mo.).
Genome analysis. Genomes cited in this study are listed in Table 1 . Our approach to identification of candidates for missing genes is based on comparative genome analysis using the WIT platform (a genomic database and set of tools for functional annotation and metabolic reconstruction).
We use the term "missing gene" to denote a particular enzyme in a pathway (sometimes referred to as "missing enzyme" [4] ) for which a corresponding gene has not been cloned or identified otherwise. This term may refer to all organisms or to a subset of organisms. An example of the latter case is the shikimate kinase gene originally discovered in E. coli (7, 23) . Shikimate kinase orthologs can be unambiguously identified by sequence comparison in bacterial and some eukaryotic genomes but not in archaeal genomes.
The technique for inferring functional coupling between genes based on their chromosomal arrangement was introduced earlier (31) . This technique is implemented in a set of tools within the WIT program. The approach is based on the well-established notion that genes including proteins with related functions (e.g., enzymes of the same metabolic pathway) tend to cluster on the chromosome, at least in prokaryotes. This concept is widely used in WIT, e.g., for resolving ambiguities in functional assignment of paralogs (32) . The same principles can be applied to identify candidates for missing genes in metabolic pathways.
The most likely candidates for a sought functional role are presumed to occur among hypothetical proteins (unassigned or ambiguously assigned ORFs) that are clustered on the chromosome with known genes from the same pathway. Using WIT, one can build up evidence of functional coupling between a set of genes. The system has accumulated instances in which a pair of genes that are close in one genome correspond to a pair of genes that are close in another genome. More precisely, the system has tabulated instances of pairs of close bidirectional best hits (PCBBHs) (31) . One can formulate a process using this form of evidence to methodically build a case that a gene encoding a hypothetical protein is actually a missing gene. This process can be illustrated by building a spreadsheet (such as the one shown in Fig. 1 ) where each column corresponds to a function (enzyme), and each row corresponds to an organism, in the following manner. (i) Pick all assigned genes from the pathway of interest within a selected set of organisms (genomes). This set will contain a subset of genomes with a sought "missing gene." (ii) Add all hypothetical proteins for which the PCBBH evidence with respect to any component of the original spreadsheet is greater than some specified evidence threshold. (iii) Fill in the added columns of hypothetical proteins with bidirectional best hits from all other genomes in the set. Use colors or patterns to depict groups of clustered genes (those that are close on the chromosome) within each organism. (iv) Apply user-defined criteria to score and select the best candidates for experimental verification. Initially genes encoding all added hypothetical proteins are considered to be candidates for a missing gene. Some examples of the useful criteria are relative strength of clustering (as indicated by the number of PCBBHs and the phylogenetic diversity of the organisms for which PCBBHs exist, presence of homologs of the candidate gene in most of the genomes where the sought gene is missing, absence of homologs of the candidate gene in most of the genomes where either the sought enzyme was previously identified in the nonorthologous form or the entire pathway is absent, and motifs or patterns in a sequence of a candidate gene relevant for a sought enzymatic function (e.g., nucleotide-binding motif).
This technique may produce a widely varying number of candidates, depending on the strength of clustering and other user-defined criteria. In the case of the archaeal shikimate kinase, as well as in some other cases when functionally related genes tend to form large operons, overwhelming evidence reveals only one very strong candidate for a sought functional role.
PCR amplification and cloning. Two ORFs from M. jannaschii were PCR amplified using the following primers: for a predicted shikimate kinase RMJ07785 (gi1500322), gggtcATGaAAGGAAAAGCCTATGCATTAGCA TCTG (5Ј primer) and ggggtcgacTTAGTAAATAGAAGCTCCATCATTGTT TGGTTTAG (3Ј primer); for a predicted homoserine kinase RMJ01903 (gi1591748), gggtcATGAAAGTTAGAGTGAAAGCTCCCTGCAC (5Ј primer) ggggtcgacTTAAACAACTTCAACTCCTTTACCAACTTCTGTTC (3Ј primer). Introduced restriction sites (BspHI for the 5Ј end and SalI for the 3Ј end) are in boldface; nucleotides not present in the original sequence are in lowercase. Only one mutation, Glu-2 (GAA)3Lys (aAA), was introduced into RMJ07785. PCR amplification was performed using M. jannaschii genomic DNA and Pfu Expression and purification. Both proteins were expressed as N-terminal fusions with a His 6 tag and a TEV-protease cleavage site. Cells were grown to an optical density at 600 nm of 0.8 to 1.0 at 37°C (in 50 ml [for analytical purposes] and in 6 liters [for preparative purification] of Luria-Bertani medium). Isopropyl-␤-D-thiogalactopyranoside was added to 0.8 mM, and harvesting was performed after ϳ12 h of shaking at 20°C. Expression analysis and protein purification were performed using standard techniques. Briefly, harvested cells were resuspended in A buffer (20 mM HEPES [pH 7] containing 100 mM NaCl, 0.03% Brij 35, and 2 mM ␤-mercaptoethanol supplemented with 2 mM phenylmethylsulfonyl fluoride and a protease inhibitor cocktail (Sigma-Aldrich). Lysozyme was added to 1 mg/ml. After 20 min of incubation on ice, the cell suspension was frozen in liquid nitrogen. After thawing and sonication, cell debris was removed by centrifugation at 20,000 rpm for 2 h. Tris-HCl buffer (pH 8) was added to the supernatant (50 mM, final concentration), and the supernatant was loaded onto a Ni-nitrilotriacetic acid agarose column. A gradient elution with imidazole (0 to 200 mM in buffer A) was performed using an AKTA fast protein liquid chromatography system (Pharmacia, Uppsala, Sweden). Fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, pooled, concentrated to a final volume of 2 ml in the presence of 1 mM dithiothreitol and 1 mM EDTA, and loaded onto a HiLoad Superdex 200 16/60 column (Pharmacia). Gel filtration was performed in HEPES buffer (pH 7.5) containing 100 mM NaCl, 0.5 mM EDTA, and 1 mM dithiothreitol. Fractions containing active protein were pooled and concentrated to Ͼ10 mg/ml; aliquots were frozen in liquid nitrogen and stored at Ϫ80°C. In preliminary experiments, we showed that such treatment did not affect the kinase activity.
Enzymatic properties. The colorimetric coupled assay for homoserine kinase activity was performed as described elsewhere (14) , using a Beckman DU-640 to monitor the change in absorbance at 340 nm in a six-cuvette assembly thermostated at 37°C. The 500 l of mixture contained 100 mM HEPES (pH 8.0), 20 mM KCl, 10 mM MgCl 2 , 5 mM ATP, 2 mM phosphoenolpyruvate, 0.3 mM NADH, 5 U of lactate dehydrogenase, 2.5 U of pyruvate kinase, 10 mM homoserine, and 0.1 to 10 g of the enzyme being analyzed. An extinction coefficient of NADH equal to 6.22 mM Ϫ1 cm Ϫ1 was used for rate calculations. One unit of enzyme was defined as a quantity capable of converting 1 mol of NADH to NAD ϩ per min. The same protocol was adopted to measure kinase activity with alternative substrates (10 mM shikimate, mevalonate, and galactose).
Steady-state kinetic parameters for homoserine kinase and shikimate kinase were determined using the same assay adapted for 96-well plates (250 l per well) and time-resolved absorbance readings in a Tecan (Tecan-US, Durham, N.C.) Spectrafluor Plus thermostated at 37°C with a 340-nm filter. ATP concentration was varied in the range of 14 to 350 M. The reaction was started by adding a last component (0.1 to 5 mM homoserine or shikimate) with 96-tip automated pipetting station Quadra-96 (Tomtec, Hamden, Conn.). The initial rates were determined using Magellan (version 2.22) software (Tecan-US). Global nonlinear fitting of initial rates (V) versus both substrate concentrations (A is ATP; B is homoserine or shikimate) was performed using Sigma-Plot 2000 (Jandel Scientific) and the most general equation for a steady-state bireactant model (36) ,
where [E] is the enzyme concentration, K A and K B are Michaelis constants for corresponding substrates, and K 1A is the dissociation constant for an ATPenzyme complex. In the case of shikimate kinase, no acceptable fit could be obtained with this model. Parallel lines were observed on the double-reciprocal plot, indicating that a ping-pong model is a better approximation of this system, and a corresponding equation was used for fitting the data (36):
However, without additional experiments it is impossible to distinguish between a true ping-pong mechanism and a sequential mechanism with a relatively low K d of the first adduct (36) .
RESULTS
Reconstruction of the chorismate pathway and prediction of the archaeal shikimate kinase. Figure 1 illustrates the reconstruction of the chorismate biosynthetic pathway from genomic data as it is known for E. coli (Fig. 2) . Presented in Fig. 1 is a   FIG. 1 . Pathway reconstruction from genomic data, and chromosomal clustering of chorismate biosynthetic genes. Gene names shown in italic are those of E. coli. Orthologous ORFs found in other genomes are shown by RID numbers from the WIT database. Shaded boxes within a genome row represent proximity on the chromosome. limited set of representative genomes for illustrative purposes (more than 50 complete and partial microbial genomes were analyzed). The chorismate pathway in its entirety is remarkably conserved over a broad range of organisms, and homologs of all seven genes can be easily identified by sequence comparison. In most prokaryotes these genes are either all present or all missing. The latter case is illustrated by representatives of bacterial (Treponema pallidum) and archaeal (Pyrococcus horikoshii) genomes. P. horikoshii contains no genes associated with the biosynthesis of aromatic amino acids (24) , and at least one aromatic amino acid, tryptophan, is required for its growth (11) .
In M. jannaschii, as well as in M. thermoautotrophicum and Archaeoglobus fulgidus, genes for steps 1, 2, and 5 are missing. The most likely interpretation of the absence of 7P-2-dehydro-3-deoxy-D-arabinoheptulosonate synthase (step 1) and 3-dehydroquinate synthase (step 2) is that these organisms use a completely different pathway for the formation of 3-dehydroquinate. This explanation is in agreement with labeling studies of Methanococcus maripaludis showing that erythrose-4-phosphate is not a precursor for chorismate (41) .
On the other hand, one would expect shikimate kinase activity to be present in all archaea which contain enzymes for the two steps preceding and two steps following the phosphorylation of shikimate. Therefore, a missing archaeal shikimate kinase gene most likely represents a case of so-called nonorthologous gene displacement, meaning that the same functional role is performed by a structurally unrelated protein.
The same assertion was presented by Makarova et al. (25) . The increasing number of sequenced genomes is revealing many examples of nonorthologous gene displacement, as recently reviewed (9) .
Comparative analysis of multiple microbial genomes using the WIT platform revealed a large number of PCBBHs among all of the genes listed in Fig. 1 . In many genomes, these genes occur within large operon-like clusters, such as in Thermatoga maritima. Chromosomal clustering is illustrated in Fig. 1 and graphically presented by the alignment of selected contigs in Fig. 3 . No clustering of chorismate biosynthetic genes is observed in M. jannaschii and other methanogenic archaea, while P. abyssi, P. furiosus, and A. pernix display remarkable clustering of most or all of these genes. P. aerophilum shows clustering in two separate groups containing genes for steps 1, 2 and 6 and genes for steps 4 and 7 (data not shown). Therefore, the missing archaeal shikimate kinase gene seemed likely to be found among the unassigned ORFs (hypothetical proteins) clustered with genes encoding other enzymes of this pathway.
The strongest candidate gene selected according to the criteria listed above is located immediately downstream of the shikimate dehydrogenase in A. pernix and P. abyssi (Fig. 3) . Homologs of this gene are (i) embedded in large operon-like clusters in some archaeal genomes; (ii) conserved in all archaeal genomes, including that of M. jannaschii, where no clustering is observed (Fig. 1) , but excluding that of P. horikoshii, where the entire pathway is missing; (iii) absent in nonarchaea; and (iv) characterized by sequence similarity with GHMP-kinases. No homology can be detected between this candidate gene (typified by RMJ07785 [gi1500322]) and bacterial and eukaryotic shikimate kinases. Highest Psi-BLAST scores (http://www.ncbi.nlm.nih.gov/BLAST/) are observed between RMJ07785 and homoserine kinases, with the most pronounced conservation within one motif common for all GHMP-kinases (Fig. 4) . Shikimate kinase activity was never detected with any representative of the GHMP-kinase superfamily or, more generally, with any other protein fold except that of the NMP-kinase family (19) . All of these considerations taken together generated conflicting evidence regarding a functional assignment for RMJ07785; a homoserine kinase was suggested by the sequence similarity analysis, whereas a shikimate kinase was suggested by metabolic reconstruction and chromosomal clustering.
Two additional members of the GHMP-kinase superfamily The predicted mevalonate kinase, RMJ10221, was recently cloned and expressed, and its activity was verified (13) . Homoserine kinase is the fourth enzyme of the five-step threonine biosynthesis pathway (33) . Genes for all enzymes of this pathway, including the putative homoserine kinase RMJ01903, are present in recognizable forms but not clustered in M. jannaschii. Orthologs of RMJ01903 in P. abyssi, P. furiosus, and P. aerophilum form chromosomal clusters with the other four enzymes of this pathway (not shown). Therefore, the assignment of RMJ01903, although never confirmed experimentally, was in complete agreement with metabolic reconstruction and the analysis of chromosomal arrangement. On the other hand, the unexpected sequence similarity between the predicted archaeal shikimate kinase and previously characterized homoserine kinases raised the possibility of overlapping activity. To address this question, we overexpressed both M. jannaschii proteins (RMJ07785 and RMJ01903) and characterized their substrate preferences. Experimental verification. RMJ07785 and RMJ01903 proteins were expressed in E. coli with a His 6 tag and purified to homogeneity using a combination of chelating chromatography and gel filtration with a yield of pure proteins of ϳ7 and 25 mg/liter, respectively. RMJ07785 had a tendency to precipitate at concentrations higher than 1 mg/ml. This precipitation was reversible, and solubility could be increased at least 10 times by the addition of 0.5 M NaCl. Both enzymes were stable in solution at high concentrations but rapidly lost activity at concentrations below 0.01 mg/ml. The latter effect may be a consequence of dissociation of the dimer, which is the predominant native form of both proteins, as revealed by gel filtration.
We used an enzymatic assay similar to one previously described (14) to determine substrate preferences of both enzymes. The use of a continuous assay coupling the production of ADP to the oxidation of NADH allowed us to test various substrates in the same conditions without modifying the assay. The most important result was our verification that RMJ07785 is a novel shikimate kinase. Almost no pH dependence of shikimate kinase activity was observed in a range of pH 6.5 to 8.5. The specific activity of the pure RMJ07785 enzyme (150 U/mg at saturating shikimate) was comparable to that reported for the predominant E. coli shikimate kinase isozyme SK2 (100 U/mg) (5) . No activity was detected with homoserine, galactose, or mevalonate, implying a Ͼ1,000-fold preference of this enzyme for shikimate over other known nonphosphorylated substrates of GHMP-kinases.
The same level of stringency in substrate specificity was observed for the predicted homoserine kinase RMJ01903. Its   FIG. 3 . Alignment of selected chromosomal contigs containing chorismate biosynthetic genes, modified from data produced by the WIT tool Pinned Regions to visualize gene clustering on the chromosome. The display is created by aligning one specific gene from a number of organisms and depicting other orthologous genes that are conserved in the neighborhood at least in two different genomes. Contigs are aligned by 3-dehydroquinate synthase (the second gene of the pathway). ORFs with sequence similarity are outlined using the same pattern, and those with assigned functions in chorismate biosynthesis are marked with a number corresponding to the step in the pathway as in Fig. 1 . Patterns are retained within gene fusions to show regions of homology with corresponding genes. The two genes marked with question marks are those predicted to encode an archaeal shikimate kinase. specific activity (60 U/mg) with homoserine was similar to that seen for the E. coli enzyme (74 U/mg) (14) , and the preference for homoserine was at least 1,000-fold over that of shikimate, galactose, and mevalonate.
Steady-state kinetic data were generated for both enzymes in optimal conditions with their specific substrates (Fig. 5) and analyzed using the most general form of the rate equation for bireactant mechanisms (36) . Kinetic parameters for both archaeal enzymes obtained with shikimate and homoserine are very similar to those of their bacterial counterparts. E. coli shikimate kinase SK2 (gene aroL) has an apparent K m,shikimate of 200 M, but it is inhibited about sevenfold when the shikimate concentration is increased from 1 to 10 mM. The other isozyme, SK1 (gene aroK), is characterized by an apparent K m,shikimate higher than 5 mM (5). The archaeal shikimate kinase RMJ07785 has a K m,shikimate only about two times higher (414 Ϯ 33 M) than that of SK2. It is not inhibited by shikimate concentrations up to 10 mM, and its K m,ATP (48 Ϯ 4 M) is comparable to the E. coli SK2 apparent K m,ATP (160 M). Homoserine kinase of E. coli (gene thrB), with a K m,homoserine of 140 M, loses up to 70% of its activity when the substrate concentration is increased from 1 to 10 mM (15) . The archaeal homoserine kinase RMJ01903 reveals a similar K m,homoserine (188 Ϯ 37 M) but no substrate inhibition up to 10 mM homoserine. In this respect, the archaeal enzyme is more similar to a recently characterized homoserine kinase from Arabidopsis thaliana (22) . The values of K m,ATP are very similar between the archaeal homoserine kinase RMJ01903 and the E. coli homoserine kinase (101 Ϯ 7 M and 130 M, respectively) (15).
DISCUSSION
After decades of molecular cloning, genes for many key metabolic enzymes remain unidentified, even in microorganisms with completely sequenced genomes. By various estimates, there are at least 100 such missing genes in the core metabolism of E. coli (1, 4) . In addition to those genes that have not been identified, groups of organisms appear to encode enzymatic functions by genes structurally unrelated to their previously described counterparts from other sources. With a growing number of sequenced genomes, we see more and more examples of missing genes as a result of a nonorthologous displacement of the corresponding genes. Methods that rely solely on sequence comparison are of limited applicability for finding missing genes. Additional methods of comparative genomics that help to predict protein functionality beyond sequence comparison were recently reviewed (10) .
The case of the missing archaeal shikimate kinase gene described here is an illustration of how this problem can be approached on the basis of reconstruction of metabolic pathways and the analysis of chromosomal arrangement of genes. Metabolic reconstruction from genomic data is a key step in defining a subset of organisms with a common requirement for a particular missing gene. Seven out of eight available archaeal genomes contain at least four genes of the chorismate pathway involved with the steps before and after shikimate kinase (Fig.  1) . In WIT, this was treated as sufficient evidence for existence of the chorismate pathway (in its full or truncated version), even though a gene for shikimate kinase was not found in any archaea. Therefore, the subset of seven archaeal genomes was a source of candidates for a missing shikimate kinase gene. P.
horikoshii, in which the chorismate pathway is absent, was not included in this subset.
At the next step, candidate genes revealed by neighborhood analysis are selected among hypothetical proteins, which are conserved in most genomes of the subset and not conserved in most of the other genomes. A display produced by the Pinned Regions tool in WIT, aligning chromosomal contigs by one gene of the pathway (Fig. 3) , illustrates the efficacy of clustering analysis. As mentioned above, this tool searches for ORFs with sequence similarity, which occur in the neighborhood of the pinned gene, in any genome of the database. Remarkably, by selecting only one enzyme of the pathway (in this case, 3-dehydroquinate synthase), all of the other participating enzymes are revealed. Not a single false positive or false negative is produced, a situation which occurs frequently. Not surprisingly, the only strong candidate gene revealed by this tool in archaeal genomes ( Fig. 1 and 3 ) was experimentally proven to encode a missing shikimate kinase.
All types of evidence taken together-metabolic reconstruction of the pathway, chromosomal clustering, and determined kinetic parameters similar to those of bacterial enzymessuggest strongly that the RMJ07785 protein of M. jannaschii and its orthologs in other archaea perform a functional role of shikimate kinase in vivo (this possibility was also discussed by Graham et al. [12] ). As mentioned above, the RMJ07785 protein belongs to the GHMP-kinase superfamily, while bacterial and eukaryotic shikimate kinases belong to a structurally unrelated NMP-kinase family (2, 19) . Among various members of the GHMP-kinase superfamily, homoserine kinase displays the closest sequence similarity with RMJ07785. In M. jannaschii, a homoserine kinase function is assigned to another protein, RMJ01903. We verified this assignment experimentally and demonstrated that the two structurally related GHMP-kinases, RMJ07785 and RMJ01903, have no overlapping activity but rather display a very stringent preference for their specific substrates, shikimate and homoserine, correspondingly.
The identification of a new substrate specificity for the GHMP-kinase superfamily provides another illustration of the remarkable ability of this fold to accommodate different types of activity, including mevalonate pyrophosphate decarboxylase (40) and isopentenyl monophosphate kinase (21) , which were recently added to the list. This suggests that members of this superfamily arose from a common ancestor by gene duplication, followed by development of divergent substrate preferences. In many cases such specialized genes are found within their functional clusters (operons). This plasticity with respect to the structure of a variable phosphoryl acceptor is reflected in very divergent sequences of GHMP-kinases. Only a few structural elements are conserved between archaeal shikimate kinases and homoserine kinases. Two major segments (segment 1, PX 3 GLGSSAA; segment 2, [S/T]GSGPS) conserved in homoserine kinases and involved with formation of ATP-binding site (42) are also well conserved in archaeal shikimate kinases, as seen in Fig. 4 . Therefore, a sequence comparison with databases can effectively identify novel uncharacterized members of the GHMP-kinase superfamily, but it will most likely not indicate a specificity for a phosphoryl acceptor.
One approach to infer protein functionality based on detection of fused proteins, the so-called Rosetta Stone method, was recently described (26) . This method is particularly useful for eukaryotic genomes, which appear to have a tendency to use fusion proteins instead of gene clusters. For example, five of the seven proteins of chorismate biosynthesis in Saccharomyces cerevisiae are fused into one pentafunctional protein ( Fig. 1 ) (6) . In prokaryotes, however, fusion of functionally related genes may be viewed simply as an extreme case of clustering on the chromosome. As illustrated in the Fig. 3 , bifunctional fusion proteins occur in Chlamydia trachomatis and T. maritima, while in other microbial genomes the same genes are clustered on the chromosome. An attempt to apply the Rosetta Stone method would fail to produce a candidate for a shikimate kinase within the available data for archaeal genomes.
Proximity on the chromosome was traditionally used to predict gene functionality mostly within a concept of operons. Our approach of using clustering on the chromosome to infer functional coupling is related but not equivalent to the traditional paradigm. The operon evidence is usually considered in a context of transcriptional coregulation and only within a particular organism of interest. However, clustering of functionally related genes in any given genome is a possibility, not a certainty. Therefore, we use an overall tendency of genes to cluster on the chromosome as statistically accumulated evidence across the whole phylogenetic space, without necessarily implying any coregulation (31) .
The number and phylogenetic diversity of analyzed genomes are the key factor behind the efficiency of our approach. The strong overall tendency of chorismate biosynthetic genes to cluster as discussed above is almost undetectable in E. coli or Bacillus subtilis (Fig. 1) . Similarly, no candidate gene for shikimate kinase could be found in analyses of the M. jannaschii and a few other available archaeal genomes, in which chorismate biosynthetic genes were scattered randomly along the chromosome. Later addition of such genomes as those of P. abyssi and A. pernix produced sufficient evidence that could be extrapolated to the whole subset of archaeal genomes.
Finally, extensive operon-like clustering, as observed in this case, is very helpful, but it is not a strict requirement for a successful implementation of the technique. For example, with very limited clustering evidence, we were able to predict and experimentally verify a candidate gene for a missing bacterial nicotinate mononucleotide adenylyltransferase (O. Kurnasov and A. Osterman, unpublished results). Thus, in general, analysis of gene clustering on the chromosome provides an efficient technique to address chemical and biological functions of hypothetical proteins.
